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What am | going to talk about?
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https://elements.visualcapitalist.com/a-lifetimes-consumption-of-fossil-fuels-visualized/

Coal is primarily used to generate
electricity, but it is also used to
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other industrial materials. ]

Methodology: To visualize the average American's fossil fuel consumption, we took petroleum product, coal, and natural gas yearly consumption per capita data and multiplied it by 80 to calculate a
“lifetime consumption”figure. We then divided the natural gas volume figure by 100 npressed natural ualize. For coal and petroleum which were still in weights (ka/Ibs),
we used the density of these materials (833kg/m3 for bulk bituminous coal and
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oleum products) and the ht of a lifetime’s worth of consumption to calculate the total volume,
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Most importantly

»|I'm here to start a conversation
»| don't have the answers
»But do know

—Business as usual won't cut it and

—My generation isn't going to solve
the problem

»|'m looking for your bold suggestions

Btw - This is not an official view of the
DOE or ARPA-E
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It's time to wake up!!




Who, what and how do we fund?

Who?

« Academics, big companies, small
companies, National Labs

What?

- Transformative projects
How?

« CRADAs through programs
 Grants through special topics
« SBIR/STTR (we call SEED)

Qirpa-e :
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The Last 8 Years Have Been
the Warmest on Record

Global land and ocean surface temperature anomalies
(degrees Celsius compared to the 20th century average)

2022: +0.86°C"
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* 2022 figure refers to the temperature anomaly for January through September
Source: NOAA
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| Could T depend on [CO,]?

Atmospheric CO, at Mauna Loa Observatory
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CO, and 2°C

QrPQ-@
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Staying Below 2 Degres Warming

Conventional
Mitigation
Techniques

B4

oY Remaining Emissions

Nate: This is a notional scenano consistent with an at least 66 percent chance of imiting global warming to below 2°C. Some residual gross
greenhouse gas emissions (both CO, and non-C0,) will remain at the end of the century even with ambitious climate action because they are
too difficult or costly to remove entirely. Once negative emissions exceed those that remain net zero emissions is reached.

Source: Adapted from a visual in The UNEP Gap Report 2017 (Figure 72) WORLD RESOURCES INSTITUTE




We have the Tech for Clean Energy

QrPEQ-@
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So, what's wrong?

QrpQ-e It's time to wake up!! 10

CHANGING WHAT'S POSSIBLE



In the Beginning...
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There are mountains
and rocks Then comes everything

Qrpa-@ or the energy transition

CHANGING WHAT'S POSSIBLE




ALL THE METALS FOR

The clean energy
transition will be mineral
intensive, requiring a
variety of specific metals.

Here are the metals that
make up clean energy

We need tO move technology.
“from BIG Oil

10 to BIG Shovels”
— Daniel Yergin

Source: World Bank Group,
The Growing Role of Minerals
and Metals for a Low Carbon Future

The Earth's natural resources power our
ELEME NTS everyday lives. VC Elements breaks down

the building blocks of the universe.

We live in a
elements.visualcapitalist.com




Metals required for EV's and Clean Energy

GIobaIIy é Electric Car
>1,000,000,000 cars E
>400,000,000 trucks ¥ Conventional Car
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Global Energy Use
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Source: IEA (2021), The Role of Critical Minerals in Clean Energy Transitions, IEA, Paris. Chart for illustrative purposes only.
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Another Challenge: will hydrogen meet the moment?

Today

/70 Mt per year
1.5% global emissions
2% global primary energy

CO,
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Overhauling an entire industry in 30 years...

Hydrogen Demand Sectors
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The US Not a Player

Manganese 100%

v

Rare Earths 100%

v

v

Vanadium 94%

Cobalt 78%

v

>90% of base metal is
imported

v

Magnesium 52%

Maximum US
Reliance on Nickel 47%

v

Oil/Gas Imports  of class 1 nickel is imported
Was 30% in 2005

Lithium 25%
' ' N * o
QIrpPEQ-@ 100% of battery grade
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Commodi

ARSENIC (all forms)
ASBESTOS

CESIUM

FLUORSPAR

GALLIUM

GRAPHITE (natural)

INDIUM

MANGANESE

MICA, sheet (natural)
NEPHELINE SYENITE
NIOBIUM (columbium)

RARE EARTHS® (compeunds and metal)
RUBIDIUM

SCANDIUM

STRONTIUM

TANTALUM

YTTRIUM

GEMSTONES

BISMUTH

TELLURIUM

VANADIUM

TITANIUM MINERAL CONCENTRATES
POTASH

DIAMOND (industrial stones)
BARITE

ZINC (refined)

TITANIUM (sponge)
ANTIMONY (metal and oxide)
RHENIUM

STONE (dimension)
COBALT

TIN (refined)

ABRASIVES, fused Al oxide (crude)
BAUXITE

CHROMIUM

PEAT

SILVER

GARNET (industrial)
PLATINUM

ALUMINA

MAGNESIUM COMPOUNDS
ABRASIVES, silicon carbide (crude)
GERMANIUM

IODINE

2019 U.S. NET IMPORT RELIANCE'

Percent

100
100
100
100|
100
100
100|
100
100
100|
100
100|
100
100

>50

>50

IRON OXIDE PIGMENTS (natural and synthetic) >50

TUNGSTEN
DIAMOND (industrial dust, grit, and powder)
CADMIUM

MAGNESIUM METAL

NICKEL

SILICON (metal and ferrosiicon)
MICA, scrap and flake (natural)
COPPER (refined)

LEAD ened

SALT

PERLITE

LITHIUM

BROMINE

SELENIUM

50
<50

47|
41

r im) sources 5-18)

China, Morocco, Belgium

Brazil, Russia

Canada

Mexico, Vietnam, South Africa, China
China, United Kingdom, Germarvy, Ukraine
China, Mexico, Canada, India

China, Canada, Republic of Korea, Tawan
South Africa, Gabon, Australia, Georgia
China, Brazil, Beigium, Austria

Canada

Brazil, Canada, Russia, Germany

China, Estonia, Japan, Malaysia

Canada

Europe, China, Japan, Russia

Mexico, Germany, China

Rwanda, Brazil, Australia, Congo (Kinshasa)
China, Estonia, Republic of Korea, Japan
India, Israel, Belglum, Scuth Africa

China, Belgium, Mexico, Republic of Korea
Canada, China, Germany

Austria, Canada, Russia, Republic of Korea
South Africa, Australia, Canada, Mozambigue
Canada, Russia, Belarus, Israel

India, South Afrnica, Botswana, Australa
China, India, Morocco, Mexico

Canada, Mexico, Australia, Peru

Japan, Kazakhstan, Ukraine, China, Russia
China, Thadland, Belgium, India

Chile, Germany, Kazakhstan, Canada
China, Brazil, Italy, Turkey

Norway, Japan, China, Canada

Indonesia, Malaysia, Peru, Bolivia

China, Hong Keng, France, Canada
Jamaica, Brazil, Guinea, Guyana

South Africa, Kazakhstan, Russia

Canada

|Mexico, Canada, Peru, Poland

Australia, India, South Africa, China

South Africa, Germany, Rtaly, Russia
|Brazil, Austraka, Jamaica, Canada

China, Canada, Australia, Hong Kong
China, Seuth Africa, Nethertands, Hong Kong
China, Belgium, Gemany, Russia

Chile, Japan

China, Germany, Brazi, Canada

China, Bolivia, Germany, Spain

China, Ireland, Republic of Korea, Russia
China, Austraka, Canada, Peru

Israel, Canada, Mexico, United Kingdom
Canada, Norway, Australia, Fintand
Russia, Brazil, Canada

37

Canada, China, India, Finland

35

Chile, Canada, Mexico

South Africa, Russia, Germany, ltaly

Canada, Mexico, Republic of Korea, India

29|

Chile, Canada, Mexico, Egypt

28

Greece, China, Mexico

>25

Argentina, Chile, China

<25

Israel, Jordan, China

<25

China, Philippines, Mexico, Germany

USGS 2021 Mineral Commodity Summaries 2021 (usgs.gov)



https://pubs.usgs.gov/periodicals/mcs2021/mcs2021.pdf

Quanity of metals need to manufacture one generation of renewable

technology units to comepletey phase out fossil fuels 18

10 000.00

1000.00

Il

100.00

From
Simon Michaux - GTK

10.00

Million Tonnes

1.00 1 ] ] —

0.10 +

Remember,

this is for just the
first generation of 0.01 4
units.

Copper Nickel Lithium Cobalt Graphite Vanadium

B Total metal required produce one generation of EV's, batteries, wind turbines & solar panels (using 4 weeks
buffer wind & solar)

B Total metal required produce one generation of EV's, batteries, wind turbines & solar panels (using 48 hours

They will wear out in
10 to 25 years’ after buffer wind & solar)

. . O Reported Global Reserves 2022 (Source: USGS)
which they will need

tO be re Iaced B Global Metal Production 2019 (Source: USGS) w
p =~ GTK
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Mining — How much are we talking about?

G The world produced roughly 2.8 billion tonnes of metals in 2021.
"_::‘r’ F Here are all the metals we mined, visualized on the same scale.

IN 2021
IRUN URE = 1,000,000 tonnes

2,600,000,000 tonnes’ LARGEST END-USE R @ e
Energy/Batteries Magnets Electronics Other

INDUSTRIAL METALS TECHNOLOGY AND
181,579,892 tonnes PRECIOUS METALS

1474 889 tonnes

. 5 5 g *Ore production does not reflect actual metal production **Smelter/refinery production.
ELEMENTS Source: USGS Mineral Commodity Summaries (2022) s cells Gl s U Car ok oo ST ose

. S — : https://www.visualcapitalist.com/all-the-metals-we-mined-in-2021-visualized/
Cil 2@
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***Represents titanium mineral concentrate production.
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How much do we have to dig?

The metal we want :

Tailings and Slagsﬂ

Unprocessed
waste rock

SSSSSSSSSSSSSSSSSSSSSS

Concentration in
processed ore

[Cu]-< 1%
[Ni] - <1%
[PGE] - <10 ppm
[Gold] - <10 ppm

20




How muc
do we dig
for our
metals?

- -
-
.

https://www.wired.com/2014/ 09/these-giant-copper-orbs—show—just-how—much-metaI-comes-fromfﬂ\-‘rr_ﬁ:[—lél.’i‘; &
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GLOBAL TAILINGS

~ % THE WORLD'S MINE TAILINGS

Tailings are what is left over after economic They are fine particles mixed with water, forming a 4
minerals are separated from mined rock. They slurry that is stored in ponds or dams. The volume of

comprise ground rock material and liquid waste tailings and their storage pose a risk to the natural

from mineral processing plants. and human environment.

The Global Tailings Review estimates that the " 0+
total number active, inactive and closed storage -_—
facilities is 8,500 with 217km? of tailings

enough to fill a cube 6km high.

GLOBAL TAILINGS

_ »ruuuce more tailings than others. The type, quality,
yuantity and production decisions of mineral deposits determine
the amount of tailings waste a specific mine produces.

Height

CONTRIBUT

Volume
217.3 km

Weight

Source: Global Tailings Review, ICMM, UNEP, PRI
Note: Tailing facility estimates come from using the reported number of facilities projected
to global commodity production using USGS mineral commodity production estimates.

- o . . . 5 power our
https://elements.visualcapitalist.com/visualizing-the-size-of-mine-tailings/ breaks down Wellvein s

Some metals produce more tailings than others. The type, quality, I elements.visualcapitalist.com
auantitv and nroduction decisions of mineral deposits determine
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What do we need to do?

> Just doing more of the > What the future must deal with?
same is not an option — Environment
— Environmental impact » GHG footprint of mining
— Ore bodies - Dealing with wastes
— No social license — Economy

» High energy usage
* Use low quality ores
— Society

o |
CM Q@
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Leveraging Accelerated CO, Mineralization

Note this is an active ARPA-E program

CHANGING WHAT'S POSSIBLE



Mineralization is a Natural Process that Sequesters CO,

2. CO, combines with a N atu re's Way ta keS

o o~ 3 WAY TOO MUCH time

herr” 1 O\ .
7 R eeao, — literally eons
Y "~ « Basically reaction of

7
ambient CO, and

carried by Rivers %’2‘(
AN e Arimal Shlls ¥ ; ’ . h k
\‘\ s.g‘hemznml;:i:{;\ ] Water W|t FTOCKS
. :

3. Carbonic Acid
reacts with Rocks

* Locks CO2 away as
stable carbonates

http://butane.chem.uiuc.edu/pshapley/Environmental/L29/2.html

Qi pQ-e
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How Improved Element Extraction Will be Accomplished

» Convert components of low-grade ores containing ER elements from harder to
process forms to easier forms

Demonstrative reactions in olivine ore...

Mg,SiO0, 2CO0, 2MgCO; + Sio, CO, Mineralization
Ore has a lot of this :D:
SiO; + [byproducts]

Ore has a little of this

NiX = ferro nickel (35% Ni, 65% Fe), nickel oxides (NiO), pure nickel. NiO thermodynamically favorable over NiCO;

» Easier mineral classification and beneficiation

» Reduced energy needs

» Different chemical pathway(s) for element liberation
» Potential additional products

- =X
& T |)\.i° -
CHANGING WHAT'S POSSIBLE



MINER Summary

Program Goals: Increase Beneficiation Efficiency

* Develop net GHGe negative
technologies that utilize the
reactive potential of CO,-reactive

ore bodies Carbon
* While decreasing comminution Increase Metals N Sequestration
energy and Ex. olivine

 Increase the domestic supplies
of critical metals

(Mg, Fe, Ni),Si0,

Modeling

QIrpPEQ-@
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MINER Summary (cont’d): Ex. of Net Negative Process Flows

Example: In Situ Example: Ex Situ

Carbonate Excavate Ore [ESSCW
- >
®

‘7‘” | » 4..:';‘;
Mineral Excavate Ore Mineral Carbonate
Beneficiation Beneficiation ore

v

b 2
©hate ore post-excaY

Q‘\'Ca W2
~ *Cayat ated O
QrpQ-e@ € carbon
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Impact of Carbonation

» Improved operations
— Comminution "z R o,

1- Amiae,

— Mineral recovery

}
COf + W

» Sequestration of CO, = Scope1/2/3

» Stabilization of process waste

https://pubs.rsc.org/en/content/articlelanding/2013/ra/c3ra44007a

HHHHHHHHHHHHHHHH

H,C0, «— HCO,"

31




Valorizing Everything that is Extracted

- |
QT |j\.i° (S 32
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We need methods for mineral fractionation

> All of the elements in a tailings
pile are mined elsewhere

»Can you imagine treating it like
an oil refinery? Valorizing every
atom and molecule

> If we stack value, like a refinery,
does it release the full value?

g
C Q@
CHANGING WHAT'S POSSIBLE

Ore “Distillation”

1+




Impact of Using Everything

»No tailings

»Not digging another hole for
something that is recovered

» Stacking of value to maximize
return from the operations

. P
Ci Q- E
CHANGING WHAT'S POSSIBLE
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CHANGING WHAT'S POSSIBLE

Precision In-situ Mining

QrppQ-@ 36



Inspiration from Laparoscopic and Arthroscopic Surgery

Laparoscopy - a surgical procedure in which a fiber-optic
instrument is inserted through the abdominal wall to view
the organs in the abdomen or to permit a surgical
procedure

Arthroscopy (ahr-THROS-kuh-pee) is a procedure for
diagnosing and treating joint problems. A surgeon inserts
a narrow tube attached to a fiber-optic video camera
through a small incision — about the size of a buttonhole.
The view inside your joint is transmitted to a high-
definition video monitor.

\

QIrpPEQ-@ Y
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Drill down to ore body and remove only what one wants

» Drill down to the ore of interest  No more digging - a new
— Btw, you need to know where it is... environmentally friendly way of mining

MAY 10, 2021

» Remove the metal
— In situ leach or
— Dissolve and pull or
— Mechanically pulverize

https://miningzimbabwe.com/no-more-digging-a-new-environmentally-friendly-way-of-mining/

Qi [jCi @ 38
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A more elaborate approach

From Doug Hollett
US DOE
Private Communication

55 laparsscag® "
“» accesS &scmc"c(\" |‘;§‘J\

arpa-e e emme I

CHANGING WHAT'S POSSIBLE




Impact of Precision Extraction

» No removal of overburden
»No big hole to be filled
» No humans in the subsurface

» Minimized impact on aquifers

QIrpPEQ-@
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Harnessing Geologic Hydrogen

NP :
QT Ij\i° (S 4
CHANGING WHAT'S POSSIBLE



Maybe you should be interested in Old Faithful?

» High concentrations of H, A—x
found in Yellowstone \\ AL .

thermal zones

Roads

» Geyser water is basically
saturated with H,. Higher

concentrations in the head
space.

» Diverse community of

S o g 0 510 20 30 | z 0-:_0'250'5 1Kilometers ‘ g
‘ . e wmm Kilometers s S Vilcs 2
. z | ; ‘ I Viles z ¥ 0 025 05 1 3
hyd rog e n CO n S u m | n g £ ] k 036 12 18 24 g © Smokejumper Hot Springs (this study)
111°l;'0"W 110"8'0"W 110"5'8'0"W 110'5‘7'0"\”
extremophiles

co:“‘lgi;g’r (mol%) - Geothermal
r O 0.001-0.268 Qp
O 0.268-1.337
= = (O 1.337-3.984
Q@ Taw's e N(C Environ Microbiol 2019 Oct:21(1 0) 3816-3830 () 3984 6.060
CHANGING WHAT'S POSSIBLE

Caldera Rim
Inner Ring Fault




Whence Hydrogen from the Earth

Precipitation
(Meteoric)

» Very complex chemical High CH,, He, H,

wisdom that high
pressure and
temperatures required.

4
(%]
>
—

O
(44]

+—
C
()]
C

-
C
o
O

Cycles Low Cl-/SO,* :

» Both Fe(ll) oxidative and Low CHj, He, H, S:
. . . : : : 9 S
radioactive sources in High CF/SO,? | (0] 5/
play Liquid Phase —5® ki g

- (non-volatilizing ions) | @@ ks Phaseipases) U

:  CI H,0 | i :

: . . : Boiling H.O -

» This fits conventional : el

Magma Chamber

QrpPQ-@ Environ Microbiol 2019 Oct;21(10):3816-3830 43
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Geologic Hydrogen |

>2.6 x 1075 tons H, Potential < Millions of billions of tons

GENERATION
Hydrothermall 2
i Bacteria
Ry | e minerals
2

v serpentinization | CH

| i
| |

_ H,-rich fluids
in the crué and upper mantle

EACTIVILX

H, resources likely “infinite” relative
to human usage.

Reservoirs could be explored and
potentially stimulated to produce
zero-emissions H,'1. 2.3 jn-situ.

Reduction of |f H,-consyming
c

o - % Most potential , JiLarin 199
‘-il Ijgi°‘— 3: Moretti et al., 2021
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Example: In-situ Mineralization

Geologic Cross-Section of Anthropogenic In-Situ Serpentinization

Serpentinization Basics H, Recovery
* Serpentinization occurs in mafic-ultramafic  Conduit provi(m>
rock
« The most common rock type in earth’s crust

* Ultramafic rocks have low Si activity, and the
activity of oxygen is prevented from
dropping to very low values by the fayalite
(olivine)-magnetite-quartz buffer

* Under these conditions water is capable of Reservoir rock (before stimulation)
. 24 olivine (Mg, Fe?*)SiO4 + pyroxene o
oxidizing Fe?*: (Mg, Fe?),Si0, o

3F€2+QS|O4 + 3H20 -> 2F€3+2Fez+04 + 38|02 + 2H2

olivine water magnetite quartz hydrogen

1']

Reservoir Conditions
reducing conditions

‘i' Q'jg °<e\/ December 15, 2022 ~200 °C 45

CHANGING WHAT'S POSSIBLE ~10 MPa



So, why connect H, to mining?

»Well, it involves rocks
» Avoids mining other things
— Platinum Group Elements
— Materials for e generation
— Materials for the grid+storage

»GeoH2 is a primary fuel NOT an
energy carrier.

Qi pPQ-C
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Q.
Q/O

Deep Saline
Aquifer

Green
Hydrogen

CO2 + MgO/Ca0 = MgCOz/CaCO3
2FeQ + H20O = M2 + Fe203




What else is needed to solve this massive problem?

» Finding what's in the ground I's a

Fan!

» Drilling deep, fast and cheap

» Deep earth engineering
» Ability to fracture rock with accuracy
» Water management techniques!!!!

Water-free processes?

» Mine restoration/remediation

» And much more

QfpPQ-C
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So, what are
your bold
solutions?

“The climate system is an angry beast
and we are poking it with sticks.”

Wallace "Wally" Smith Broecker was one of the first ones to raise
warnings on climate change and popularized the term "Global Warming".
He was also one of the masterminds behind the Carbfix project. It's t I me to wa ke u p 1l







